Abstract--Thermodynamic foundations of the thermal entropy production are rested on the concept of lost heat, (Q/T)6T. The thermomechanical entropy production is shown to be in terms of the lost heat and the lost work as = 1 Q where the second term in brackets denotes the lost (dissipated) work into heat. The dimensionless number 1-I s describing the local entropy production s" in a quenched flame is related to
The foundations of entropy production go back to A thermal boundary layer thickness V 2 Laplacian Clausius and Kelvin studies on the irreversible aspects emissivity; turbulent dissipation of the Second Law of Thermodynamics. Since then ~/ momentum sublayer thickness; the theories based on these foundations have rapidly Kolmogorov scale; similarity variable grown, first by the efforts of natural philosophers r/o Batchelor scale 0 dimensionless temperature; turbulent followed by astrophysicists, and later by those of temperature applied scientists and engineers. However, the part of ® mean turbulent temperature; temperature entropy production resulting from a temperature difdefined by Eq. (107) ference continues to remain untreated by the classical x absorption coefficient thermodynamics. This part of thermal (conduction ). Taylor scale dynamic viscosity and/or radiation) energy is the lost heat into entropy v kinematic viscosity production. variable defined following Eq. (85) Clearly, all forms of entropy production result from FI~j radiative tensor dissipative processes (involving mass, species, momen-FI entropy production; entropy number p density turn and/or heat transfer, electromagnetic or nuclear tr Stefan-Boltzmann constant transport). Less known is the fact that the dissipation T optical thickness; dimensionless time; shear may have a diffusive or hysteretic origin, the diffusion stress being directional and the hysteresis being cyclic. rij stress However, except for a few cases (such as strain har-X weighted nongrayness entropy flow dening and the electromagnetic saturation), the ~P~ entropy flux majority of dissipative processes, including the dissio~ frequency pation of radiation, is of a diffusive nature, and is the co o cut-off frequency for frequency enhancement concern of the present review. effects
The review consists of 11 sections: following this introduction, Section 2 explores the thermodynamic foundations of the entropy production; Section 3 develops the local entropy production in terms of the Script Symbols radiative stress; Section 4 relates the turbulent production of thermal energy to turbulent dissipation of turbulent diffusion thermal energy or, equivalently, to turbulent producturbulent production; Planck number tion of thermal entropy; Section 5 develops a thermal microscale based on this relation; Section 6 employs 8 w this scale in the establishment of the fundamental I~/~ .... ~I relation between turbulent heat transfer and entropy production; Section 7 applies the entropy production to flame quenching and interprets the tangency conditionoflaminarflamequenchingbyanextremumin /~~~.~/~ entropy production; Section 8 deals with the distil-0 bution of entropy production in quenched laminar flames; Section 9 applies a thin gas model to the / \ ca~ forced convection boundary layer over a horizontal flat plate and relates the wall entropy production to FIG. 1. Two laws for a differential control volume. the local Nusselt number; Section 10 applies the entropy production to pulse combustion systems; and for the lost (irreversibly dissipated) energy. In terms of Section 11 concludes the study, this production, the Second Law for any (reversible or irreversible) cycle may be expressed as
THERMODYNAMIC FOUNDATIONS
For a reversible cycle The concept of entropy production is now assumed well understood (see, for example, Arpaci 1' 2 and Bird, H = 0 (7) Stewart, and Lightfoot3). The renewed interest in the and concept is towards its utilization for engineering problems. Because of its size, no attempt is made here W~ = q'2 = Constant for a review of the literature (see Bejan ~ for a review which is identical to Eq. (2). on the application to problems of fluid mechanics and
To illustrate the concept of lost energy further, heat transfer). Yet, an inspection of this literature consider a thermomechanical process through an reveals that, for a thermomechanical process, the infinitesimal control volume. The Fist Law applied to concept of lost heat as opposed to that of lost work this control volume gives (Fig. la) appears to remain untreated except for the recent studies by Arpaci, 7-9 Arpaci and Selamet, I°'ll and dH ° = 6Q -6W, (8) Selamet and Arpaci. ~2 The purpose of this section is to where introduce the concept of lost heat, show the relation
between this concept and the part of entropy production, and identify the effects of conduction and is the stagnation enthalpy, V the volume, Ux and Up radiation by this production, the kinetic and potential energies. Now, recall the Consider a reciprocating engine. For each cycle of definition of entropy flow (Eq. 3) and, express heat this engine, the First Law states flow in terms of entropy flow, Ql -Q2 = w.
(1) ~Q -6(T~F),
The usual approach to the efficiency of this engine or, explicitly, operating under a reversible cycle leads to a scale for 6Q = Tt~ + ~tT,
the absolute temperature (Kelvin) or, Ql Tl Q2 T2' (2) 6Q = 6Qs + 5QL,
and to the definition of entropy flow, 6Qs being the entropical part of heat explicit in the Second Law and t~QL is the dissipated or lost heat into Q = ~.
(3) entropy. After a sign change, let 6 W be split, in a similar manner to 6Q, as* The classical Second Law for an engine states that
Ql ~< Q2 
Under local thermodynamic equilibrium, 8wL (26) For a reverisble process, 61-I = 0, T = Constant, and dS = -~-+ T Eq. (16) is reduced to the usual form of the Second The explicit forms of 6QL and 6 WE will be given in the Law, next section which deals with the rate of First and bQ Second Laws of Thermodynamics. dS = --.
(17) T When the First Law includes all (heat, work, radiNow, for a thermomechanical process, consider the ative, electromagnetic, chemical and nuclear) forms of energy difference (Fig. 2) energy, Eq. (18) dS = 6W + ~ (All forms of lost energy), (27) Dp Ovi
As already mentioned in the introduction, only the to diffusive dissipation i's the concern of this review.
( Du_~ T DSDt "-~Dv ) vxiOT
Finally, let the internal energy, heat and work P -+ P = -Wi~--associated with the optical limit of electromagnetics or the gas radiation be U R, QR and W R, respectively. + rijs 0 + u" -Ts" (37) As is well known where sij is the rate of deformation. For a reversible U R ,~ U, QR ~ QK, W R < W, process, all forms of dissipation vanish, and provided the characteristic transport velocity remains
Du
Ds Dv much less than the velocity of light. Then, under the = 0 (38) influence of radiation,
Dt
T-~ + p 
invoking the assumption of isotropy, whose radiative part is Eddington approximated and and, in terms of this scale, suggest a heat transfer correlation for pulse combustion systems, which will On dimensional grounds, Equation (54) or (55) be discussed in Section 10. In the following section, gives the entropy production is related to skin friction and heat transfer in terms of these scales. 0 02
HEAT TRANSFER AND ENTROPY PRODUCTION
where 20 is a thermal microscale, t ~ is an integral scale, and So is a measure for thermal entropy production. First, consider the usual definitions of the coefUnder the assumption of isotropy for length that ficient of heat transfer and that of friction factor in characterizes the thickness of thermal sublayer, terms of q0 A and r/. Thus, 
Tw t~(ulq) v
To r/ being the thickness of momentum sublayer. Assuming r/to be the smallest momentum scale, the which may be rearranged as velocity corresponding to this scale becomes
v and
and the equality of Eqs (58)and (59)gives The ratio of Eqs (66) and (67) 
to be the thickness of the momentum sublayer across The left side of this result may be rearranged in terms which the velocity drops from u at the core-sublayer of a characteristic length as interface to zero on boundary, , 7", and T 0 unburned and valent to Eq. (82) and provides the physical justifiburned gas temperatures, respectively (Fig. 5) . cation for the tangency condition.
ENTROPY PRODUCTION IN A QUENCHED FLAME

0.08
So far we discussed the foundations of entropy production in flame quenching following some dimensional considerations. Now we proceed to a quantitaao 0.06 tive distribution of this production by referring to a thermal model for steady plane flames on a porous plug. A number of simple models have been proposed, pe ° n s all describing the chemistry by a single-step global 2o 0.04 Arrhenius reaction, and differing especially in the way the heat losses are taken into account. Among these, Carder, Fendell and Bush ~ use a step function heat sink in the preheat zone whereas Clarke and co-10 o.oa workers 27"2s' 35 follow the model proposed earlier by Hirschfelder and co-workers. 2°-22 The close agreement between these models, except for the interpretation of ture, E is the activation energy and R is the universal d~ gas constant. Also, following Ref. [26] we have the Now, for the thermal part of entropy production, second order model, Eq. (39) gives,
x exp -1 .
(85) which may be rearranged as 1[ dO 12 Now, employing Eqs (84) and (85), we get the distri- However, the objective of the review is not to side Finally, referring to Eqs (87) and (88) (100) flame and burner appears to be almost uniform. Since the quench distance is rather small, say 0.5-1 ram, 26 and this result is not surprising. For 0b = 1 --0u, this (Hs)nl = /~b(l-Is) n (101) production becomes exactly uniform. However, for 0b > 1 --0u, the behaviour of production drastically where subscripts II and III respectively refer to the changes as demonstrated in Fig. 7 with 0b = 0.96. second order Ferguson and Keck model and the The uniformity of as well as the drastic change in Clarke model. A numerical comparison between these entropy production do not accept a ready interpreta-models shows that, in spite of its relative complexity, tion. It may be more of a property of the model rather the Clarke model relative to the Ferguson and Keck than the reality. The quantitative difference between models appear to provide a limited improvement in the model and experimental results (see Fig. 6 of Ref. approximating real flames (Fig. 8) .
[26]) for 0b > 1 --0, add some credence to this with Pr >/ 1, only the latter case is considered below. Replacing the longitudinal velocity by its tangent ao 0.oe ns on the wall and using this velocity in the conservation of mass to determine the transverse velocity, and including the radiation effect, the thermal energy . This disagreement is a result of the com-A similarity variable including both conduction plexities associated with CH4 oxidation (Westbrook and radiation is not feasible because of intrinsic lack and Dryer 42 and Glassman, 43 p. 81). Here, we utilized, of similarity between conduction and radiation. somewhat arbitrarily, the values suggested by However, the effect of thin-gas radiation on conducKaskan'24 tion is small. This fact suggests the use of the simiIt has recently been shown by Law and co-larity variable for conduction by which the radiation workers 3s' 39"44-47 that the accurate determination of the effect can be treated locally similar. laminar flame speed requires the consideration of a Introducing r/ = y/g(x) (see, for example, Arpaci more realistic kinetic schemes than the one used in and Larsen2), into Eq. (102) leads to the equation this review. Among these, the models by Kee et al. and satisfied by g(x), Warnatz 4s both agree with the experimental data of Eg°lf°p°ul°setal"9°vers°mec°ncentrati°nand (~) dg3 3 3d(~) pressure ranges. Yet, there remains small but impor-~ + 2 g ~ = cc tant differences on some of the predictions of these which readily gives models. Further code developments are needed to resolve these differences. Therefore, any study based [ .j~ 11/3 on these models has to be delayed until the resolution cc (~,//~),/2 dx of these differences, 
Consider a radiation affected forced convection boundary layer over a horizontal flat plate. For heat In terms of Eq. (105) and the approximation E2 "" transfer studies, rather than velocity profiles, a good exp (-~/r3z), Eqs (102) and (103) are combined to approximation of these profiles near boundaries is give convenient. This approach, in the absence of radia-,ion isw0,l nown nd has ens, diodex=sivo,y ' ( ) (see Curie 49 for an early reference, and Arpaci and ~ + g r/ ~ = xl~2x 0 4 -e -~'2~
Larsen 2 for a later reference). Also, the extension of (106) ,IPEL' $ lib f~F For illustrative purposes, assuming a wall temperature of T. = 500 K, Fig. 11 depicts the variation ofs~" ~¢M = (~P ~R)]/2 being the mean absorption coefficient, against q, for pure conduction, conductive, and total As P ~ 0, the effect of radiation diminishes and (conductive + radiative) components in combined Eq. (106) reduces to the case of pure conduction, as conduction and radiation problems. expected.
For the heat transfer in boundary layers, consider Equation (106) has been solved by Selamet and the total heat flux on boundaries, Arpaci n who use the finite difference code PASVA3 q. = q~ + q~,
developed by Lentini and Pereyra 51 as well as the single step code DVERK based on a fifth and sixth qC being available from a usual boundary approach order Runge Kutta-Verner approximation developed and q~ being the spectral average of the monochroby Hull et al. 52 The results obtained separtely from marie wall heat flux to be evaluated next. From PASVA3 and DVERK have been found to agree to 0zi~ik, 53 Siegel and Howell, ~4 or Sparrow and Cess, 5~ five decimals. 
PULSE COMBUSTION SYSTEMS
Pulse combustion heating systems have many which shows the explicit effect of conduction on the advantages over conventional burners, such as radiative heat flux. However, for the thin-gas radia-thermal efficiencies of 95% or more, low pollutant tion, za~ ~ 1, rA '~ 1, and, to first order, the explicit (NOx and CO) emissions, self aspiration, and a high effect of conduction on the radiation flux is negligible, rate of convective heat transfer in the tailpipe. The and Eq. (122) reduces to Eq. (116) which is the upper reason for high rates of heat transfer is the large flow limit of the radiative flux obtained from pure radiative oscillations caused by the acoustic resonance of the considerations. Now, in terms of this flux, the total combustor. However, until recently, there has been heat transfer becomes considerable confusion in the literature over the effect of flow oscillations on heat transfer rates in turbulent Time-and space-averaged Nusselt numbers as a results in a heat transfer correlation which is indepen-function of frequency at a combustion chamber pressure dent of frequency. 6x6. That is, at any point in the cycle RMS (PRMs) of 7.7 kPa. Curves are cubic spline fits to data, the flow is assumed to behave as if it were steady at the and dashed line is a linear least-squares fit to the axial instantaneous velocity. This assumption is valid only injection data) 9 for flows with low frequency oscillations, since it requires that the flow become steady within a time suggest much less than the cycle time. Although the frequency Nu = F[(co -~00) U0], range of the oscillations in the pulse combustor where co and co0 are, respectively, the frequency and tailpipe are beyond the quasi-steady limit, it is the the minimum frequency for frequency enhancements only theory available, and therefore widely used in the effects, and U0 is the velocity oscillation amplitude, literature. The first known use of this approach was which is directly proportional to PRMS" by Martinelli. 65 Since then it has been used by several A heat transfer correlation for a complex flow other researchers, sT'ss'~'66 For example, Hanby s7 involving coherent oscillation (or pulsation) ,.'s difficult suggests to construct solely on empirical grounds. This dif- Reynolds number based on the mean velocity respect-forced and buoyancy-driven turbulent flows. Extendively, r is the time normalized by the time for a ing the approach to heat transfer in oscillating turcomplete cycle, and the oscillating velocity is assumed bulent flows and utilizing the microscales reviewed in to be sinusoidal (an assumption verified by the Section 5, Arpaci et al) 9 suggest for the flow in the velocity measurements67). Equation (130) provides a tailpipe of pulse combustors, Nusselt number correlation, independent of frequency.
The heat transfer data of Dec and Keller, which was Nu = 0.028Re 3/4 obtained over a range of typical pulse combustor I ( (°) ~¢-D°)D )] 314" frequencies (54 to 101 Hz), demonstrates a strong x 1 + 0.21 U0 1 + 7.36 U frequency dependence that cannot be explained by a quasi-steady model. Figure 12 shows Nusselt (131) numbers for several frequencies at the same PRMS, Here Re denotes the Reynolds number based on the approximately 7.7 kPa, and a linear least-squares fit mean velocity 0, U0 denotes the amplitude of velocity to the axial injection data (dashed line). Examination oscillations, and (co -o0)D denotes the velocity of the linear fit also shows that the Nusselt number related to the frequency a~ of the oscillations, COo being increase with frequency only occurs for frequencies the frequency below which quasi-steadiness holds above some minimum value. This fact, and the simul-(o~ 0 = 46) for the present correlation, and D being the taneous near linear dependence of the Nusselt number hydraulic diameter of the tailpipe. The model is leaston both frequency and PRMS, lead Dec and Keller 6° to squares fitted to the experimental data available in the 
